The effects produced by the addition of sterol synthesis inhibitors on the artemisinin content of the transgenic organ culture (A. tumefaciens ATCC 33970 or 15955) of Artemisia annua are presented. The transgenic tissue produced 3-4 fold higher levels of artemisinin 0.84% (56.3 mg/L) within a short culture period compared with field grown plants (0.23%). The addition of the sterol synthesis inhibitors, miconazole and terbinafine, to these transgenic cultures resulted in enhanced artemisinin content up to 1.15% and 1.44%, respectively. Further enhancement of artemisinin content was achieved by varying the addition time of the sterol synthesis inhibitor to the cultures. The best artemisinin content (2.62%) was observed after terbinafine (10 mg/L) addition on the sixteenth day of the culture period.
Artemisia annua L. (Quinghao), a traditional Chinese herb that has been used as a remedy for chills and fevers for more than 2000 years, has evoked worldwide interest because of its sesquiterpene lactone constituent, artemisinin. This and its derivatives are promising and potent therapeutic agents against multidrug resistant strains of Plasmodium falciparum and cerebral malaria with a high record of safety. It has been estimated that up to half a billion courses of artemisinin combination therapy (ACT) are needed every year, requiring around four hundred tons of artemisinin. Although other sources of artemisinin are being developed, the medicinal plant Artemisia annua is currently the sole source of the drug and will continue to be essential to supply it for the foreseeable future [1] . Significant selective anticancer activity of artemisinin has also been demonstrated against a wide variety of laboratory cultured cancer cells, which further signifies the therapeutic importance of artemisinin [2] .
The chemical synthesis of artemisinin is complex, low yielding and thus economically unattractive [3a] .
The artemisinin content of A. annua ranges between 0.01%-0.6%, dry weight, and is associated with seasonal and somaclonal variations. This limits the commercialization of the drug from the plant source. In vitro production of artemisinin using various biotechnological tools could be a promising alternative. Enormous efforts have been made to achieve significant artemisinin production from in vitro culture of A. annua, but with limited success [3b-3c]. In recent years transgenic organ culture has attracted the attention of researchers as a potential source for the production and biotransformation of secondary metabolites. There are several successful reports on the accumulation of either shoot or root specific secondary metabolites in either the shooty teratoma or hairy root culture of host plants, respectively [4] .
In this work, we established the shooty teratoma of A. annua, and the effects of the addition of sterol synthesis inhibitors (SSI) on cell growth and artemisinin production kinetics were studied. Artemisinin production occurs from farnesyl pyrophosphate (FPP), a key product of the central isoprenoid pathway responsible for a wide variety of biologically active metabolites, such as diterpenes, sterols and polyisoprenoid compounds. The blocking of different pathways (sterol metabolism) could be helpful for artemisinin biogenesis by enhancing the availability of the common precursor FPP in the isoprenoid pathway. The genetic and biosynthetic stability of the transgenic organ culture of A. annua could be an additional advantage.
Genetic transformation of A. annua was performed following infection of precultured leaves with Agrobacterium tumefaciens strain ATCC 33970 and ATCC 15955 on MS media [5] . Different combinations of plant growth regulators were tested either alone or in combinations (Table 1) to promote the degree of differentiation and proved helpful for the development of organized structure from undifferentiated plant tissue on MS media. The combination of plant growth regulators found most suitable for transgenic organ culture growth and maintenance in MS media by both Agrobacterium strains was NAA 0.537 µM, BAP 8.8 µM and Kn 0.929 µM. Our transformation experiment results showed that there was a higher frequency of shooty teratoma of A. annua induced by A. tumefaciens strain ATCC 33970 (5-12%) than ATCC 15955 strain (3-7%) (Table1). The transformed status of the plant cells was confirmed by opine assay [6] . Extracts of transformed tissue showed a black spot on paper electrophoretograms, which confirms transformation; no spot was obtained with extracts of untransformed tissue (transformation frequency 20-30%).
Healthy A. annua shooty teratoma were subcultured every four weeks in optimized liquid MS medium containing 3% sucrose at 24±1°C in a shaker flask (100 rpm) under a 16/8h light/dark photoperiod. Growth and production kinetics of these cultures are shown in Figure 1 . An exponential growth phase was displayed between 7-15 days of the growth cycle, followed by a stationary phase to 27 days. The maximum artemisinin content of 0.84% was observed on the 24 th day (equivalent to 56.3 mg/L) in transgenic tissue, while maximum cell growth (5.2 g/L, dry wt) was observed on day 15. The transformation experiment resulted in a three to four fold higher secondary metabolite content than that of field-grown plants (0.23%) ( Figure 1 ).
The filter sterilized sterol synthesis inhibitors miconazole and terbinafine were added in different concentrations (5, 10, 20, 50, 100 mg/L) to the liquid culture at day 0 of the culture cycle, and analyzed for artemisinin content at four day intervals (data for each time interval not shown). The artemisinin content in transgenic tissue reached a maximum of 1.15% (77.2 mg/L) treated with miconazole at 20 mg/L after 18 days of culture. This was 1.36 fold higher than that of the control culture (shooty teratoma), which reached a maximum of 0.84% at day 24 of the culture cycle (Figure 2a ).
In the case of cultures treated with 10 mg/L terbinafine, the artemisinin content was enhanced to 1.44% (96.5 mg/L) on day 20 ( Figure 2b ). The bioproductivity of terbinafine supplemented transgenic tissue was 1.71 fold higher than the control culture of A. annua. As we found better artemisinin enhancement with the terbinafine treated culture, further experiments were performed to determine the optimum day of addition of 10 mg/L terbinafine (Figure 3 ). The best artemisinin content (2.62%) was observed in shooty teratoma after addition of terbinafine on the sixteenth day of the culture cycle. It was 3.1 fold higher than that of the control without terbinafine. When terbinafine was added on the twelfth day of the culture cycle, the artemisinin content was 2.35%, which was 2.8 fold higher than that of the control. However, when the sterol synthesis inhibitor was added at either the beginning or at the lag phase of the culture cycle, the maximum artemisinin content observed was 1.2-1.4% after 24 days. It can be concluded from our results that sterol synthesis inhibitors (SSI) should be added at either the late exponential or stationary phase of culture.
Adverse effects on in vitro culture cell growth and viability were studied caused by the addition of SSIs Callus and hairy root cultures from five species were found to be more sensitive to miconazole than shoot cultures, although all these cultures showed a positive growth rate [7] .
The difference in findings may be attributed to the smaller mass of explant and greater surface contact between plant cell and culture medium, as concluded by previous researchers [8, 9] . The addition of 5 and 10 mg/L terbinafine to the transgenic organ culture was found to be favorable for shooty teratoma growth and secondary metabolite production. Yates et al [10] also observed the inhibition of cell growth in terbinafine treated celery cell suspension cultures at a higher concentration range (30-100 mg/L).
The research presented here is the first successful report on the effect of sterol synthesis inhibitors (SSI) in transgenic organ cultures of A. annua. The enzymes responsible for sesquiterpene and sterol production are located at a putative branch point in the isoprenoid pathway, and induction of one enzyme and suppression of another were interpreted as an important mechanism for controlling carbon (C) flow and hence end product formation. So a simplistic model assumed that either suppression or inhibition of an enzyme or enzymes of one pathway (sterol production) might lead to the greater availability of substrate or C-15 pool (farnesyl pyrophosphate) for conversion into another product [11] . Miconazole influenced the artemisinin biosynthesis positively in shooty teratoma of A. annua. Woerdenbag et al found miconazole additions to the shoot culture of A. annua caused growth to cease and artemisinin contents to drop [12] . Kudakasseril et al found that addition of miconazole increased both the incorporation of 14 C-IPP into artemisinin by cell free extracts and the production of artemisinin in shoot cultures of A. annua [13] . The increase in artemisinin content may be due to inhibition of cytochrome P-450 dependant 14∝-demethylase causing a decrease in ergosterol synthesis and an accumulation of 14∝-methylsterol in the sterol branch of the isoprenoid pathway [14] . The lesser enhancement of artemisinin content (∼1.3 fold) by miconazole addition than terbinafine may be attributed to a later step in the enzyme inhibition of sterol biosynthesis from the central isoprenoid pathway, and associated increase in membrane permeability. Terbinafine addition to A. annua cultures resulted in significant enhancement (∼3.1 fold) in artemisinin production by shooty teratoma. It may be due to specific inhibition of squalene epoxidase, and other enzymes of the sterol biosynthetic pathway (i.e. Δ 7 -reductase and Δ 14reductase may increase the availability of C-15 pool) [15] . Terbinafine addition to the shoot culture of A. annua resulted in reduced cell growth, as well as decreased artemisinin content. This may be due to the untransformed nature of A. annua cells. Terbinafine successfully inhibited sterol synthesis in Nicotiana tabacum cv Bright Yellow-2 cell suspensions and also induced an impressive accumulation of squalene and a dose-dependent stimulation of the triacylglycerol content and synthesis [16] .
In the present investigations we established a stable, high yielding, in vitro culture of A. annua. Further bioproductivity of the artemisinin content increased with the addition of sterol synthesis inhibitors at the stationary phase of the culture cycle. These in vitro culture systems hold immense potential for the largescale production of artemisinin in a condensed biosynthetic period.
Experimental

Plant material and culture conditions: Seeds of
A. annua were collected from a herbal garden at Jamia Hamdard (Hamdard University, New Delhi) and surface-sterilized by treating with 90% ethanol (30 sec) and 0.1% mercuric chloride (5 min). The seeds were rinsed several times with sterile distilled water and finally incubated on the surface of seedling germination media. The pH of the medium was adjusted to 5.8 before autoclaving (121°C for 20 min). Germination started within 3-4 days and 4 weeks later the seedlings were transferred to MS media. Plants were cultivated in an experimental greenhouse using mercury and sodium vapor lamps, 16h/8h light /dark photoperiod, at a temperature of 24±1°C and a relative humidity of 40%.
Bacterial strains and transformation of A. annua:
A. tumefaciens strains ATCC 33970 and 15955 procured from the Institute of Microbial Technology, India were used for the transformation studies of A. annua [17] . A. tumefaciens ATCC 33970 was maintained on trypticase soy agar (TSA) containing tryptone (17 g/L), soy peptone (3 g/L), sodium chloride (5 g/L), dipotassium phosphate (2.5 g/L), and glucose (2.5 g/L). ATCC 15955 was maintained on yeast extract broth containing beef extract (5 g/L), yeast extract (1 g/L), peptone (5 g/L), and sucrose (5 g/L) at 25±1°C. A single Agrobacterium colony was transferred from the plate into about 25 mL of growth medium and grown overnight at 25°C while being shaken at 100-150 rpm. The Agrobacterium suspension was allowed to grow for another 3-4 h on a shaker at 25±1°C until the optical density of the Agrobacterium suspension reached 0.8 to 1.0 at 550 nm.
Genetic transformation of A. annua was performed following the infection of precultured leaves in the dark for 2 days on MS media (BAP 5 mg/L). Precultured seed leaves were pricked with a needle and immersed in 100 μL of bacterial suspension (pre-induced with 50 µM acetosyringone 16 h prior to the infection) for 10 min. After infection, the inoculated explants were transferred onto filter paper soaked with MS media without growth regulator for 36 h. After co-cultivation, all explants were transferred onto solid MS media containing different combinations of plant growth regulators and vancomycin [750 mg/L (Vancocyn)]. Approximately 2-3 weeks after infection, tumorous growth started. This was transferred onto MS shoot induction media containing gradually reduced concentrations of vancomycin.
High performance liquid chromatography:
Artemisinin was quantified by HPLC [18] . HPLC analysis was carried out on a Perkin Elmer system by injecting 20 µL of each standard solution and sample with a Hamilton syringe onto a C-18 column (Lura, C-18 ODS 250 × 4.6 mm id) with Perkin Elmer Photo Diode Array (SPD-M10 AVP) detector. The mobile phase [methanol: 0.1 mM phosphate buffer (pH 7.9); 40: 60] was pumped isocratically at a flow rate of 1 mL/min. Artemisinin, eluted at 6 min, was detected by a UV monitor at 260 nm. All samples were pre-filtered through 0.45 µm-membrane filters before analysis.
Dry weight measurement:
Biomass growth was determined at 3 day intervals by taking dry cell weight (DCW) measurements. Filtered cells/tissues contained in a Petri dish were dried overnight at 70°C in a vacuum oven to constant weight.
Opine assay:
The integration and expression of opine synthase gene (nos, ocs) in the plant genome was confirmed by opine assay of the transformed tissue. About 200 mg tissue was extracted with 0.1 N HCl and centrifuged. Extracts were applied to paper strips and subjected to electrophoresis at 300 V for 1 h. The air-dried paper electrophoretogram was developed in methanolic sodium hydroxide and fixed with 5% w/v sodium thiosulphate solution
Addition of sterol synthesis inhibitor solution:
The filter sterilized sterol synthesis inhibitors miconazole and terbinafine were added, in different concentrations (5, 10, 20, 50 , 100 mg/L), to shooty teratoma of A. annua liquid culture at day 0 of the culture cycle. Cultures were grown for 30 days in a 16/8 h light/dark photoperiod and with continuous orbital shaking at 100 rpm. For each concentration, 4 culture flasks were used and after every 4 th day shooty teratoma and spent medium were analyzed for artemisinin content.
Viability study: Cells from different samples of shooty teratoma were suspended in normal saline and centrifuged at 9000 rpm for 5 min at 24°C (Biofuge 28 RS Heraeus Sepatech). The suspended cells were washed with normal saline, vortexed (Cyclo Mixer 101 Remi) and again centrifuged. The same procedure was adopted for 5 min in order to remove the cell debris and to break the cell aggregates. Slides were washed and then chilled at -20°C in 40% methanol in distilled water (RQVF-170 D Remi Deep Freezer), and then a drop of cell suspension was placed on it and fixed with methanol, acetic acid (3:1) mixture. Slides so prepared were placed in dye in Solenson's buffer and then viewed under an Olympus BX 60 fluorescent microscope.
